Previously, we found that male JYD mice, not female mice, developed type 2 diabetes and that decreased expression levels of caveolin-1 were correlated with the development of a diabetic phenotype in these mice. Therefore, we hypothesized that sex hormones affect the expression of caveolin-1 and contribute to the development of insulin resistance and hyperglycemia in JYD mice. We examined insulin sensitivity in male, female, and orchidectomized male JYD mice by glucose and insulin tolerance tests. Glucose uptake was analyzed using 18 F-fluorodeoxyglucose positron emission tomography. We also examined insulin signaling molecules and caveolin proteins in various tissues in these mice by western blotting. In addition, we examined changes of caveolin-1 expression in L6 skeletal muscle cells treated with 17-β-estradiol or dihydroxytestosterone. We found that glucose and insulin tolerance were impaired and hyperglycemia developed in male, but not female, JYD mice. Expression of insulin signaling molecules such as insulin receptor, protein kinase B, and glucose transporter-4 were decreased in male JYD mice compared with female mice. Orchidectomized JYD male mice showed improved glucose and insulin tolerance with a concomitant increase in the expression of insulin signaling molecules and caveolin-1 in adipose tissue and skeletal muscle. Moreover, 17-β-estradiol treatment increased the expression of caveolin-1 in differentiated skeletal muscle cells. We conclude that sex hormones modulate the expression of caveolin-1 and insulin signaling molecules, subsequently affecting insulin sensitivity and the development of type 2 diabetes in JYD mice.
INTRODUCTION
Onset of type 2 diabetes and metabolic syndrome in old age has been observed to be more prevalent in men than in women (1) , suggesting that sex hormones may affect the development of type 2 diabetes. Circulating levels of sex hormone binding protein, which binds strongly to testosterone and to a lesser extent to estradiol, is a predictor of the risk of type 2 diabetes (2-4). It was previously reported that high serum levels of testosterone in polycystic ovary syndrome is a risk factor for type 2 diabetes and impaired glucose tolerance (5, 6). Sex hormones such as estrogen and testosterone are known to modulate glucose and lipid metabolism (7), and administration of testosterone to women impaired glucose tolerance and induced hyperinsulinemia (8). In animal studies, insulin sensitivity was reduced in skeletal muscle of ovarectomized female rats, and treatment of these rats with estradiol restored insulin sensitivity and glucose uptake (9) .
Caveolin-1, a 21-24 kDa integral membrane protein, is a major component of the caveolae, which are flask-shaped membrane invaginations enriched with cholesterol, glycosphingolipid, and lipid-modified signaling proteins (10) . Caveolae function in vesicular transport, endocytosis, and transcytosis (11) , but also play a role in signal transduction (12) .
Caveolin-1 and steroid hormones appear to have reciprocal interactions. Caveolin-1 regulates steroid hormone signaling by directly interacting with hormone receptors in the membrane (13, 14) , and estrogens modulate caveolin-1 expression in both MCF breast cancer cells and vascular smooth muscle cells (13, 15) . As well, caveolin-1 regulates insulin signaling by the glucose uptake system (16, 17) .
We previously found that male, but not female, JYD mice develop type 2 diabetes in old age and reduced levels of caveolin-1 were correlated with the development of diabetes in male Changes in blood glucose were calculated as the percentage of the initial blood glucose level.
Cells and in vitro hormone treatment.
L6 cells, a rat skeletal muscle cell line, were obtained from ATCC (Manassas, VA, USA).
Premyocytes were differentiated into myotubules and maintained in DMEM/F12 containing 2% (vol./vol.) fetal bovine serum, 100 U/ml penicillin, and 100 μg/ml streptomycin. Fully differentiated cells were serum-starved for 24 h and treated with 25 ng/ml 17β-estradiol (E 2 ; Sigma, St. Louis, MO, USA) or dihydroxytestosterone (DHT; Sigma)
Glucose uptake using 18 
F-fluorodeoxyglucose positron emission tomography
Positron emission tomography (PET) scanning was performed with a dedicated small animal PET system (microPET-R4; Concorde Microsystems, Knoxville, TN, USA 
Insulin secretion assay
Serum sample were collected from mice that were fasted overnight and 30 min after glucose loading (2g/kg body weight, i.p.). The amounts of secreted insulin were determined using a mouse insulin ultrasensitive enzyme immunoassay kit (Alpco Diagnostics, Windham, NH)
according to the manufacturer's instructions.
Immunohistochemistry
Tissue sections were deparaffinized in toluene, rehydrated in grades of alcohol, and washed in water. After antigen unmasking, all slides were blocked in blocking solution (2.5% horse serum)
for 1 h at room temperature and then incubated at 4°C with primary antibody solution: mouse anti-caveolin-1 (1:100; BD Transduction, Palo Alto, CA, USA). Sections were incubated with biotinylated secondary antibody (Vectastatin Kit, Vector laboratories, Burlingame, CA, USA),
and staining was performed with VIP as a chromogen (VIP Kit, Vector Laboratories).
Hematoxylin (Sigma, St Louis, MO, USA) was used as a nuclear counterstain for light microscopy.
Western blot
At 30 weeks of age, adipose tissue (epididymal fat), muscle (hindlimb), liver, and pancreas were 
Statistics
Results are presented as means ± SEM. Results were evaluated by ANOVA and pair-wise comparisons were made using Duncan's multiple range test. A level of p<0.05 was considered to be significant.
RESULTS

Body weight, diabetic incidence, and glucose and insulin tolerance in male and female JYD mice
The incidence of diabetes was determined in male and female JYD mice at 30 weeks of age.
Although body weights were not different ( Figure 1A ), about 50% of male JYD mice were diabetic at 30 weeks of age, whereas diabetes was not detected in female mice ( Figure 1B ).
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Fasting glucose levels were significantly higher in male mice compared with female mice (134 ± 5mg/dl, 116 ± 4mg/dl). Glucose tolerance tests showed that the blood glucose levels of male mice peaked at 30 min after glucose injection and were significantly higher at all times compared with female mice ( Figure 1C ). Moreover, insulin tolerance tests showed that blood glucose levels in female JYD mice were reduced after insulin injection, whereas blood glucose levels in male JYD mice were not reduced ( Figure 1D ).
Expression of insulin signaling molecules and caveolins in male and female JYD mice
We examined the expression levels of insulin signaling-related proteins such as IRβ, Akt/PKB, and GLUT-4 as well as caveolins in insulin-sensitive tissues by western blot in male and female JYD mice at 30 weeks of age ( Figure 2A ). The expression of IRβ was dramatically decreased in adipose tissue of male JYD mice as compared with females ( Figure 2B ). In skeletal muscle, expression of IRβ ( Figure 2B ), Akt/PKB ( Figure 2C ), and GLUT-4 ( Figure 2D ) were lowered in male mice compared with females. Expression of these insulin signaling molecules was not different in the liver or pancreas when comparing male and female JYD mice. Previously, we reported that reduced expression of caveolin-1 in skeletal muscle was correlated with type 2 diabetes in JYD mice (18); therefore, we checked expression of caveolin in male and female mice. Caveolin-1 expression levels were lowered in both adipose tissue and skeletal muscle of JYD male mice compared with female mice ( Figure 2E ). Levels of caveolin-3, the skeletal muscle-specific isoform, were slightly lowered in male mice compared with female mice ( Figure   2F ). To determine if caveolin-1 expression is affected in a particular cell type within adipose, skeletal muscle, liver and pancreas tissues, we performed immunohistochemical analysis of caveolin-1 in these tissues (Figure 3) . We found that caveolin-1 in adipose tissues showed an increased staining of the cellular membrane in female mice compared with male mice. In skeletal 
Glucose and insulin tolerance in orchidectomized male JYD mice
To determine whether sex hormones might play a role in the development of type 2 diabetes in male JYD mice, we examined glucose and insulin tolerance in orchidectomized male JYD mice at 30 weeks of age, 5 weeks following the gonadectomy. Sham-operated or orchidectomized male JYD mice showed no significant weight changes after surgery ( Figure 4A ). After glucose loading, exogenous glucose was more efficiently cleared in orchidectomized mice than in shamoperated mice ( Figure 4B ). Also, exogeneously injected insulin significantly reduced glucose levels in orchidectomized mice as compared with sham-operated mice ( Figure 4C ).
Insulin secretion and glucose uptake in orchidectomized male JYD mice
Both insulin secretion from the pancreas and glucose uptake in peripheral tissues play major roles in the development of type 2 diabetes. To test whether sex hormones affect insulin secretion, we checked the serum insulin levels of male, female, and orchidectomized male mice both in fed and fasted conditions. We found that both fed and fasted orchidectomized male mice had higher serum insulin levels compared with male mice, but this was not statistically significant ( Figure 5A ). Next, we compared overall glucose uptake among female, male, and orchidecetomized male JYD mice using FDG-PET methods (18). FDG uptake was highest in orchidectomized male mice, and uptake was higher in female mice as compared with intact male and liver (4.304) in male mice, but was lower than those of brain (24.508) and liver (5.947) in female mice. The SUV G of muscle (2.94) in female mice was higher than in that in male and orchidectomized male mice (2.36 and 2.66, respectively) ( Figure 5C ).
Expression of insulin signaling molecules and caveolins in orchidectomized male JYD mice
To determine whether sex hormones affect the expression of insulin signaling proteins and caveolins, we compared the levels of IRβ, Akt/PKB, and GLUT-4 in insulin-sensitive tissues of orchidectomized and sham-operated JYD male mice at 30 weeks of age ( Figure 6A ). Levels of IRβ ( Figure 6B ) and Akt/PKB ( Figure 6C ) were dramatically increased only in adipose tissue, whereas GLUT-4 was increased both in adipose tissue and skeletal muscle of orchidectomized mice as compared with sham-operated mice ( Figure 6D ). No differences in protein levels were observed in the pancreas or liver. Levels of caveolin-1 were increased in adipose tissue and skeletal muscle in orchidectomized mice as compared with sham-operated mice ( Figure 6E ), whereas the level of caveolin-3, the muscle-specific caveolin isoform, was not different between two groups ( Figure 6F ).
Caveolin-1 expression after estradiol or dihydroxytestosterone treatment in vitro
Previously, we observed that overexpression of caveolin-1 in skeletal muscle of JYD mice increased insulin sensitivity (18). To determine whether the increased sensitivity seen in orchidectomized male JYD mice might be an effect of sex hormones on caveolin-1 expression, incubation with E 2 for 24 h, but treatment with DHT had no effect on expression of caveolin-1 (Fig. 7) .
DISCUSSION
Type 2 diabetes is the most common form of diabetes, which is characterized by both insulin resistance and insulin deficiency (25). It was recently reported that type 2 diabetes is significantly more common in women, but the prevalence increases with old age in men whereas it remains unchanged in women (1). In addition, some animal models of type 2 diabetes such as OLEFT rats and Wistar, TalleyHo, TSOD, and JYD mice develop diabetes specifically in males (18, 26). In the present study, we investigated whether sex hormones affect the development of insulin resistance and diabetes in JYD mice, and if so, whether this is correlated with modulation of caveolin-1 expression.
We first compared the incidence of diabetes between male and female JYD mice and confirmed that the development of diabetes was male-specific. Consistent with this result, only male mice showed impaired glucose and insulin tolerance. It was previously reported that orchidectomy before puberty had protective effects against the development of hyperglycemia in male, but not in female, spontaneously hypertensive rats, injected with streptozotocin (27),
suggesting that sex hormones might be involved in the development of diabetes. To determine whether the male-specific diabetic phenotype in JYD mice is affected by sex hormones, orchidectomy was performed in male JYD mice. Orchidectomy markedly attenuated the severity of hyperglycemia, improved insulin sensitivity, and increased whole body glucose uptake Molecular Medicine www.molmed.org skeletal muscle, suggesting that changes in insulin signaling molecules and GLUT-4 contribute to the improvement of insulin sensitivity after orchidectomy. Moreover, these results suggest that adipose tissue may be a major determinant for insulin sensitivity in orchidectomized JYD mice, because orchidectomy-induced changes in the expression of insulin signaling molecules were most prevalent in adipose tissue.
Caveolins, integral plasma membrane proteins present in caveolae, along with scaffolding, transport and signaling cascade proteins (36), have emerged as key players in obesity and insulin resistance (16, 37) . Recently, it was reported that caveolin-1 was associated with sex hormone sensitivity (38) as well as insulin sensitivity (39). We previously found that decreased levels of skeletal muscle caveolin-1 were correlated with the progression of type 2 diabetes in male JYD mice and that caveolin-1 plays a determining role in the senescent phenotype: upregulation of caveolin-1 in male JYD mice significantly improved insulin sensitivity with a concomitant increase of glucose uptake (16, 18) . Therefore, we investigated whether sex hormones affect caveolin-1 expression and insulin sensitivity. We confirmed that expression levels of caveolin-1
were downregulated in male mice compared with female mice, but were similar between orchidectomized male mice and female mice. Moreover, orchidectomy affected glucose uptake especially insulin sensitive tissues, but did not affect insulin secretion. The addition of E 2 in vitro increased the expression of caveolin-1 in differentiated muscle cells, whereas the addition of DHT did not affect caveolin-1 expression. Therefore, it might be presumed that reduction of male sex hormones and upregulation of female sex hormones by orchidectomy (27) would upregulate the caveolin-1 expression in skeletal muscle and adipose tissue, and this might lead to enhanced glucose uptake. appears to affect insulin sensitivity by regulating caveolin-1 expression in orchidectomized JYD mice. The effect of hormones other than E 2 on caveolin expression and insulin sensitivity in JYD mice remains to be elucidated.
Taken together, we conclude that sex hormones play an important role in the development of diabetes in male JYD mice probably by modulating the expression of caveolin-1, which in turn would upregulate insulin-related signaling molecules and enhances insulin sensitivity, contributing to the prevention of diabetes in female and orchidectomized male JYD mice. Molecular Medicine
